The challenges posed by acute brain injury (ABI) involve the management of the initial insult in addition to downstream inflammation, edema, and ischemia that can result in secondary brain injury (SBI). SBI is often subclinical, but can be detected through physiologic changes. These changes serve as a surrogate for tissue injury/cell death and are captured by parameters measured by various monitors that measure intracranial pressure (ICP), cerebral blood flow (CBF), brain tissue oxygenation (PbtO 2 ), cerebral metabolism, and electrocortical activity. In the ideal setting, multimodality monitoring (MMM) integrates these neurological monitoring parameters with traditional hemodynamic monitoring and the physical exam, presenting the information needed to clinicians who can intervene before irreversible damage occurs. There are now consensus guidelines on the utilization of MMM, and there continue to be new advances and questions regarding its use. In this review, we examine these recommendations, recent evidence for MMM, and future directions for MMM.
Introduction
Despite the medical and surgical interventions available for acute brain injury (ABI), the initial insult often times has already left an irreversible impact on the brain. Subsequently, the early detection and prevention of secondary brain injury (SBI) has become the primary focus of neurocritical care.
Historically, the neurologic exam and neuroimaging have driven therapeutic interventions in the neurointensive care unit (NICU). However, these changes may be nonspecific or may reflect SBI that is already complete. Consequently, the use of physiologic markers has become a powerful tool in the NICU to detect and treat early signs of SBI before irreversible injury occurs.
The goal of examining continuous physiologic endpoints with multimodality monitoring (MMM) is to capture the multifaceted and dynamic nature of brain injury. There is no single best or complete monitor or absolute physiologic cutoffs that can be generalized to every ABI patient. However, certain threshold recommendations have been placed for these devices (see Table 1 ). Originally derived from the traumatic brain injury (TBI) literature, MMM has become utilized across different etiologies of severe ABI. This review will discuss the current consensus guidelines, new evidence for MMM, and the limitations and difficulties of data integration for real-time patient care.
Intracranial Pressure
The intracranial pressure (ICP) monitor is historically the most widely used brain monitoring tool in ABI as higher ICPs had been shown to be predictive of mortality [1] [2] [3] . Subsequently, the Brain Trauma Foundation (BTF) and MMM consensus guidelines put forth recommendations for ICP monitoring in This article is part of the Topical Collection on Critical Care TBI and ABI patients, respectively. Indications for ICP monitoring include a Glasgow coma scale (GCS) of 8 or less, concerning neuroimaging features for ICP crises, and patients receiving active treatment for presumed elevated ICP [4, 5••] . Although normal CT brain findings have low incidence of ICP elevation in TBI, a subset population of TBI patients with age over 40, systolic blood pressure under 90 mmHg, and clinical evidence of posturing require ICP monitoring regardless of CT findings [2, 4] . Evidence for improved outcomes with continuous ICP monitoring has been varied [6, 7••, 8, 9] leading to subsequent variability of ICP monitoring practices amongst various NICU centers [10, 11] . The most recent MMM guidelines have subsequently been formed to provide expert consensus on the use of these monitoring modalities and a more congruent practice amongst difference centers.
Currently recommended device options include parenchymal ICP monitors and extraventricular catheters (EVD) [5••] . Both require invasive placement with minimal risk of infection and bleeding when placed by experienced operators [12] . EVDs are the preferred device in the presence of hydrocephalus due to the ability of cerebrospinal fluid (CSF) diversion [13] . It may confer benefits with lower rates of refractory ICP and improved outcomes over parenchymal monitors [14] along with the added ability of administering intrathecal thrombolytics in intraventricular hemorrhage [15, 16] . The benefit of parenchymal ICP monitoring is the relative ease of placement in addition to providing continuous ICP monitoring whereas EVD pressure transduction is performed momentarily when the drain system is closed. Limitations of parenchymal probes include its inability to be recalibrated, having value drifts with time, durability issues, and susceptibility to compartmentalization of ICP across dura mater, particularly in space-occupying lesions [17, 18] . Consequently, recommendations are to place probes ipsilateral to space-occupying lesions. Despite these differences, both probes provide reliable and comparable measurements of ICP [19] with normal ICP ranging between 7 and 15 mmHg in a supine adult. Although there is a lack of data supporting an absolute threshold for critically elevated ICP, the typical treatment thresholds have been ICPs greater than 20-25 mmHg per the BTF and MMM guidelines [4, 5••] . Refractory elevations of ICP >20 mmHg to aggressive treatment have been shown to be a strong predictor of mortality, particularly within the first 48 h. However, it is unclear whether elevated ICP burden itself translates into poor cognitive outcomes in survivors [3, 20] .
The BEST:TRIP trial revealed that an ICP treatment protocol based on a treatment threshold of >20 mmHg (compared to a treatment protocol based on clinical exam/imaging alone) may not be beneficial in overall outcome [7••] . However, this does not speak against the utility of ICP monitoring as the trial concurrently showed more efficient and targeted treatment in the ICP monitoring group. Rather, it has brought to light that a solely ICP-driven approach to prevention of SBI may oversimplify the complexity of ABI. ICP has been utilized as a tool to monitor cerebral perfusion pressure (CPP), which has often been seen as a surrogate for cerebral blood flow (CBF). However, observational data has revealed that in comparison to perfusion CT (the current gold standard for CBF), CBF is better predicted by MMM rather than ICP or CPP alone [21•] .
Although treatment of elevated ICP continues to be a cornerstone of NICU care, future focus should be on features and trends of ICP rather than absolute threshold values. Additional [24] . Perhaps the most researched non-invasive ICP monitor involves the use of TCD and pulsatility index (PI). By examining the systolic and diastolic velocities within each cardiac cycle, these velocity changes provide the PI value and can allow for ICP trends to be tracked. PI > 1.6 has been associated with higher ICP values and worse outcomes [25, 26] . However, evidence has been limited to translate this non-invasive bedside technique to be used as real-time ICP monitoring reliable for treatment [27, 28] . Similar to ICP monitoring, assimilating high PI to low CPP oversimplifies the flow velocity changes that are reliant on multiple different physiologic parameters other than mere ICP.
Opthalmologic techniques have become increasingly utilized in the NICU for non-invasive ICP monitoring adjuncts. The increasing popularity of the use of ultrasound in point of care critical care medicine has been reflected in the NICU with optic nerve sheath diameter (ONSD) measurements. The optic nerve sheath, contiguous with brain dura and containing CSF communicating with cerebral subarachnoid components, can be used as a means of indirectly detecting increased ICP. By measuring the anterior part of the optic nerve, specifically 3 mm behind the globe, ONSD can be measured via ultrasound with 5-mm ONSD roughly translating to an ICP of 20 [24, 29, 30] . Inter/intraobserver variability does not appear to be a limiting factor in this technology [31, 32] . However, ONSD variation is dependent on individual factors such as age and underlying pathology; this has made it difficult to create an absolute ONSD cutoff value for ICP crises. Another ophthalmologic approach that is being studied to indirectly assess ICP has been the pupillometer. The automated Neurological Pupil index (NPi) reflects pupillary reactivity. Values range from 0 to 5 with values <3 being associated with poor outcome and trend with elevated ICP [33] . While NPI may not be superior to the clinical exam in determining a state associated with rising ICP nor replace invasive ICP monitoring, there may be an opportunity for quality improvement in practice when examination across shifts need standardization.
Cerebral Perfusion Pressure and Autoregulation
CPP has been defined as a pressure gradient for blood flow to the brain and is derived by MAP-ICP. Requiring both ICP and MAP monitoring, pressure transducer placement of both devices should ideally be placed at the same level (tragus) to prevent an overestimation of true CPP; however, this practice has varied widely amongst neurocritical care centers [34] . This variability in the measurement of CPP makes it difficult to translate research findings to clinical practice and vice versa. However, a target CPP of 60 mmHg is recommended by the BTF guidelines due to retrospective evidence of worse outcomes at levels below this threshold [35, 36] . These thresholds are typically achieved via MAP augmentation and ICP optimization in efforts to maintain CBF [37] . CPP has long been seen as a surrogate marker of CBF as CBF = CPP/CVR (cerebrovascular resistance). However, ABI often leads to a loss of autoregulatory mechanisms including CVR. These effects can be seen up to 2 weeks following TBI [38] .
Loss of intrinsic CNS protection to blood pressure put the patient at risk of SBI via ischemia with hypotensive episodes and conversely, elevated ICP and hyperemia with MAP augmentation. Furthermore, attaining the goal of higher CPPs put patients at risk for systemic complications (ARDS) and poorer outcomes [39, 40] . Recent evidence has suggested that current CPP goals >60 mmHg may reflect an oversimplification of ABI with findings that at optimal CPP and ICP ranges (>60 and <20 mmHg, respectively), cerebral hypoxia can still be present [41] . This has resulted in the increasingly studied idea of an optimal CPP and the role of autoregulation measurement in its determination.
Impaired vascular reactivity and loss of intracranial compliance will result in ICP changes driven by MAP fluctuations, a concept reflected in the index of pressure reactivity (PRx) [42] . Simply put, a positive PRx reflects a positive linear correlation between changes in MAP and revealing an impaired autoregulatory state. This has been associated with poor outcome following TBI particularly within the first 48 h [42] . Active work in this area is ongoing to define the limitations of defining optimal CPP (CPPopt) using PRx and understanding the conditions that influence its interpretation [43] .
CPP and PRx are used in specialized centers in conjunction with brain oxygenation and microdialysis as a means to understand individual patient states [44] . In the future, it is hoped that the validation of optimal CPP determination and integration with MMM will spare patients from the detriments of passive pressure changes in the autoregulation impaired brain.
The concept of CPPopt is to identify a narrow range of CPPs within a patient's recent real-time data that reflects the state in which there was optimal cerebral vasoreactivity (lowest PRx) [45] . In retrospective studies, improved outcomes have been seen when CPP approximated CPPopt with evidence of higher mortality when CPP was below CPPopt (additionally, increased survival but worse outcome was seen in cases where CPP was elevated above CPPopt) [37, 43, 46, 47] . This advent in autoregulation-based CPP target optimization could simplify some of the heterogeneity seen in ABI and may yield new individualized neuroprotective strategies.
Brain Oxygenation
Oxygenation is vital to the maintenance of cellular homeostasis, and neuronal integrity and its values can be used as a marker for tissue at risk for secondary injury. The advent of invasive parenchymal catheter brain tissue oxygen (PbtO 2 ) monitoring and jugular bulb venous oxygen saturation (SjvO 2 ) monitoring has allowed for continuous real-time evaluation of the balance of brain tissue oxygenation providing more meaningful treatment targets for CPP and triggers for systemic evaluation. BTF guidelines have recommended placement of brain oxygenation monitoring when hyperventilatory strategies are employed after TBI with more recent MMM guidelines recommending its placement in patients at risk for ischemia [4, 5••] .
There are two commercially available invasive probes measuring oxygen content: the Licox system (Integra neurosciences) and the Neurovent-PTO system (Raumedic). These probes provide regional, yet continuous monitoring via a Clark-type membrane electrode or a quenching process of fluorescence, which measures the oxygen content present within the adjacent white matter. Studies have revealed the safety and efficacy of these catheters with the mechanical caveats that values are dependent on patient temperature, location/depth, and calibration time [48] .
Normal ranges of PbtO 2 (Licox) have been documented as 20-35 mmHg [49] , with the most recent MMM guidelines suggesting a treatment threshold of 20 mmHg [5••] . Morbidity, mortality, and extracellular evidence of metabolic crises have been associated with lower PbtO 2 levels, particularly levels below 10 mmHg [50, 51] . Additionally, PbtO 2 has been utilized as a target for CPP-driven therapy with evidence for improved longterm outcomes in both TBI and SAH [52, 53] (see Fig. 1 ). However, low PbtO 2 is not specific for simple perfusion failure. Factors such as CO 2 , O 2 , and hypermetabolic states (fever, shivering, seizures) can all alter PbtO 2 [54, 55] . PbtO 2 is a product of CBF and arteriovenous tension of O 2 , indicating brain oxygenation relies on both adequate oxygen supply (perfusion/oxygenation) and extraction (diffusion) [56] . Consequently, PbtO 2 monitoring can provide information on two fronts: (1) it can assess for adequate oxygenation delivery when targeting optimal CPP ranges, and (2) it can reveal non-perfusion-related brain hypoxia when CPP is at goal [54] . Similar to the other invasive probes, values will reflect the regional area in which the probe is placed. Based on the underlying etiology of ABI, the preferred location of probe placement will vary [57] .
Jugular bulb venous oxygen saturation (SjvO 2 ), unlike PbtO 2 monitoring, provides information on global cerebral utilization of oxygen. Catheter placement is performed in the dominant internal jugular vein (when possible) and advanced superiorly into the jugular bulb [58] . Normal values range between 55 and 75 %. Values below 55 % signify increased oxygen extraction and tissue at risk for ischemia [59] and have been associated with poor outcomes especially when there is a failure to improve values with CBF-directed treatment [60, 61] . Cerebral compensatory mechanism for either decreased oxygen delivery or increased demand is an increase in oxygen extraction. However, once this compensatory mechanism is exhausted, ischemia is encountered and is represented by lower values of SjvO 2 . On the other end of the spectrum, SjvO 2 above 75 % may signify hyperemia, decreased metabolic demand, or even cell death [62] . Despite its ability to represent global cerebral oxygenation, its accuracy and safety is limited in comparison to PbtO 2 monitoring [63] . Furthermore, similar to PbtO 2 monitoring, the primary limitation lies in its nonspecific nature. However, its usefulness lies in its trends' ability to trigger suspicion of a subclinical state change.
Treatment strategies have focused on optimizing a twofold approach to brain oxygenation: delivery and demand. Efforts to optimize CPP, oxygenation delivery in addition to identifying, and treating hypermetabolic demand states such as fevers and seizures have been the current goals behind PbtO 2 and SjvO 2 optimization. By incorporating both regional (PbtO 2 ) and global (SjvO 2 ) monitoring with more traditional ICP/CPP monitoring, there is promise for improved outcomes over traditional methods alone [64] .
Non-Invasive Brain Oxygenation
Near-infrared spectroscopy (NIRS) calculates the concentration of a particular chromophore based on the amount of light attenuation between a NIR light source and receiver. The chromophore most widely evaluated in the scope of neuroanesthesia and brain injury is oxygenated hemoglobin of cerebral tissue (rSO 2 ). In the operating room setting of vascular and cardiothoracic surgery, NIRS has shown utility in detecting time critical global perfusion changes. The critical changes leading to SBI in the adult neurocritical care setting can result from much more subtle and regional perfusion changes. In ABI patients with often impaired baseline rSO 2 levels, threshold rSO 2 values <60 % have been studied to avoid ischemia and poor outcomes [65] . However, studies
have not yet validated these thresholds. A second important limitation of NIRS has been the existence of intracranial pathology such as subdural hemorrhage. The transmission path of the NIR light, while enhanced in newer technology, is still quite superficial, and in the presence of a large subdural hemorrhage or scalp swelling, can lead to unreliable measurements of brain oxygenation. This continues to be an active and hopeful area of investigation given the advantage of its noninvasiveness.
Cerebral Blood Flow
Seen as the most direct marker for fuel delivery, neuroimaging modalities have been the gold standard of quantifying CBF. However, limitations of providing momentary insight into CBF at a particular timepoint have limited its use. Subsequently, the potential of continuous CBF monitoring has been promising in clinical practice. Continuous CBF monitoring has been approximated using transcranial Doppler (TCD) and achieved, albeit for a focal region of brain, with invasive thermal diffusion catheter.
TCD noninvasively measures blood flow velocity by emitting and receiving high-frequency energy. The change in frequency reflects velocity and direction of CBF [66] . It has become a mainstay in detecting vasospasm following SAH [67] . Its utility is the greatest when evaluating the anterior circulation, particularly the MCA and ICA arteries [68] , and has a high degree of correlation with angiography when using a peak mean flow velocity threshold of >200 cm/s [67] . Although evidence regarding posterior circulation velocity thresholds has been conflicting, recent guidelines have recommended 85 cm/s as a threshold for vasospasm detection [5••] . Importantly, a high flow velocity can be a reflection of decreased vessel diameter (vasospasm) or increased blood volume (hyperemia). The Lindegaard ratio (LR) between the middle cerebral artery and external carotid artery velocities can help differentiate between vasospasm and hyperemia. LR values greater than 3 have been accurate in differentiating clinical and radiographic vasospasm from hyperemia [69, 70] (see Table 2 ). However, this data cannot be used in isolation as not all vasospasm leads to ischemic injury, and a significant proportion of ischemic injury can occur with (normal) TCD velocities <120 cm/s [71] . Environmental and technologic limitations usually prevent continuous TCD monitoring, and variability can be introduced by different operators. Transcranial color-coded duplex sonography (TCCS) is another form of ultrasound-derived blood flow velocity detection. This technique visualizes arteries with angle-corrected flow velocities that may increase the yield of vessels previously thought to be difficult to insonate with conventional TCD (ICA and ACA) and may yield better correlation to angiographic vasospasm than TCD alone [72] .
Invasive parenchymal thermal diffusion probes allow for continuous regional CBF monitoring, have been reported to have low rates of infection and hemorrhage [73] , and have been validated by Xenon perfusion neuroimaging [74] . The most commonly utilized commercial CBF catheter is the QFlow catheter (Hemedex) which introduces heat in subcortical white matter at a depth of 20 mm and calculates the rate of temperature dissipation from measurement at a set distance, revealing local CBF (mL/100 g/min) [75] . The same limitation of a focal monitor in ABI exists for CBF probes: its utility depends on proximity to the penumbra of interest. Although CBF levels below 20 cm 3 /100 g/min are associated with ischemia burden and vasospasm detection [76] , treatment thresholds for values of CBF with these probes have not been well established. However, CBF extremes along with its trends can be useful as an adjunctive monitor to other modalities and may provide feedback for therapeutic interventions.
Electroencephalography
Continuous electroencephalography (cEEG) for the early detection of seizure continues to be the cornerstone of its utility, due to the high incidence of subclinical seizures in the ICU [77, 78] . Delayed detection and treatment results in a significant decrease in the abortive efficacy of anti-epileptic drugs [79] . Prolonged seizures can result in increased ICP, increased metabolic demand, and excitotoxicity. Therefore, indications for cEEG monitoring after SBI are unexplained or prolonged altered consciousness [5••] .
cEEG is increasingly utilized as a continuous and regional monitor of cerebral ischemia. EEG changes including attenuation and slowing, while nonspecific, can be indicative of decreasing CBF. Quantitative analysis of EEG (qEEG) via fast fourier transform provides an objective and processed depiction of raw EEG data. Alpha/delta ratio, power, and relative alpha variability can be utilized in the detection of delayed cerebral ischemia (DCI) following subarachnoid hemorrhage (SAH) [80, 81] . While theoretical, qEEG variables could provide feedback while targeting optimal CPP goals. However, in the absence of evidence, this cannot be recommended.
Intracortical depth electrodes detect seizures and cortical spreading depression that cannot be detected on scalp EEG [82, 83] . Depth seizures may be common after brain injury based on cohort studies and may be reflective of severe injury leading to worse outcomes [82] . However, the effect on outcome when treating such seizures is unclear. The placement of the depth electrode has a similar safety profile to other MMM invasive devices [84] and may potentially be utilized to carry out quantitative analysis for a more sensitive means to detect vasospasm [85] . Larger studies have yet to evaluate the full potential of the depth electrode. At a minimum, different EEG modalities provide both global and regional perspectives that can serve a valuable adjunctive role in interpreting focal physiologic data from other MMM techniques. There is promise in the high spatial and temporal resolution for aiding in treatment decisions and prognostication in all forms of ABI.
Cerebral Metabolism
Cerebral microdialysis (MD) analyses substrates within extracellular fluid of regional subcortical white matter to provide real-time monitoring of brain chemistry and detect energy crisis. Artificial CSF dialysate is exposed through a MD catheter with a semipermeable membrane, allowing molecules of a certain size or smaller (usually 20,000 Da) to equilibrate down its concentration gradient. Perilesional placement is recommended for focal injuries. While controversy exists regarding ideal placement for more diffuse injuries such as TBI, right The extracellular substrates typically measured are lactate, pyruvate, glucose, glutamate, and glycerol. Trends and combined change patterns have become the focus of its utility [86] . Glutamate is an excitatory neurotransmitter associated with injury and inflammatory cascade responses. Glycerol is a lipid-rich component of neurons and is a marker of CNS cellular breakdown. Its elevation is commonly associated with irreversible cellular death/ischemia.
Lactate, pyruvate, and the lactate to pyruvate ratio (LPR) are commonly interpreted as straightforward chemical markers of hypoxia or ischemia, which many utilize as targets for perfusion optimization. LPR of >40 and >25 have both been reported as thresholds of metabolic distress, and observational studies have suggested LPR >25 in the first 72 h is associated with poor outcome in TBI [87, 88] . Whether these thresholds represent outcome-modifying targets is unproven. Mitochondrial dysfunction appears to play a significant role in LPR derangement; LPR and lactate levels can be elevated in the absence of hypoxia or ischemia [89] . Care must be taken to recognize this complexity in the interpretation of suboptimal LPR, and look to adjunctive modalities to confirm perfusion failure (e.g., CBF) in targeting interventions (e.g., optimizing CPP) [89, 90, 91•] .
MMM Bioinformatics Integration Systems
The advent and continued development of MMM has created a plethora of data with the potential of driving therapeutic interventions. A temporal, integrative analytic approach to multiple components of neuromonitoring is necessary to identify subclinical events in order to intervene in a timely fashion. However, the sheer quantity of data and cognitive complexity required to translate MMM data into a timely treatment regimen can be out of reach of the typical neuroICU workflow. An integration system relying on bioinformatics would enhance the ability to dynamically treat the complex multivariable disease which is SBI.
The key steps for integrating these multiple parameters are data acquisition, integration, processing, and visualization in a single, user friendly interface [92] . Current efforts towards accomplishing this are necessarily individualized to practice environments and include bedside integration systems or centralized database solutions (see Fig. 1 ).
Conclusion
Strides must be taken to utilize the myriad of moving physiologic variables in a centralized, real-time montage in order to create an information interface that can influence real-time treatment decisions. However, these treatment strategies and future trial designs must step away from a Bone size fits allt reatment threshold utilizing a single component of MMM. Rather individual modes of MMM that can reveal cerebral and cerebrovascular physiology should integrate information from multiple modalities to reveal the patient-specific Binjury profile^and vascular compliance in order to formulate an optimal treatment plan. It is not the device itself that will improve outcomes, but early recognition of these injury patterns and timely administration of individually tailored treatments.
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